We have studied the mechanism by which amino acid starvation of Escherichia coli induces resistance against the lytic and bactericidal effects of penicillin. Starvation of E. coli strain W7 of the amino acids lysine or methionine resulted in the rapid development of resistance to autolytic cell wall degradation, which may be effectively triggered in growing bacteria by a number of chemical or physical treatments. The mechanism of this effect in the amino acid-starved cells involved the production of a murein relatively resistant to the hydrolytic action of crude murein hydrolase extracts prepared from normally growing E. coli. Resistance to the autolysins was not due to the covalently linked lipoprotein. Resistance to murein hydrolase developed most rapidly and most extensively in the portion of cell wall synthesized after the onset of amino acid starvation. Lysozyme digests of the autolysin-resistant murein synthesized during the first 10 min of lysine starvation yiefded (in addition to the characteristic degradation products) a high-molecular-weight material that was absent from the lysozymedigests of control cell wall preparations. It is proposed that inhibition of protein synthesis causes a rapid modification of murein structure at the cell wall growth zone in such a manner that attachment of murein hydrolase molecules is inhibited. The mechanism may involve some aspects of the relaxed control system since protection against penicillin-induced lysis developed much slower in amino acidstarved relaxed controlled (reU) cells than in isogenic stringently controlled (reU+) bacteria.
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It has been known for a long time that nongrowing bacteria are protected against the lytic and bactericidal effects of penicillins (12, 26) . In Escherichia coli, starvation of amino acid auxotrophs for the required amino acid was shown to make the cells resistant to penicillin-induced lysis (3, 17) . The biochemical basis of this penicillin "tolerance" in nongrowing bacteria is not well understood. However, the interaction between penicillin molecules and the primary biochemical targets of the antibiotic does not appear to be involved, since radioactive penicillin has the same access and affinity to the penicillinbinding proteins of growing and chloramphenicol-inhibited pneumococci (36). Thus, the requirement for "growth" (protein synthesis) is more likely to be some feature of the coupled secondary mechanisms such as autolytic activity that in several bacterial species were proposed to be directly responsible for the lysis and loss of viability of the penicillin-treated cells (33, 34) .
There are several lines of evidence suggesting the role of autolytic enzymes (murein hydrolases) in the penicillin-induced lysis of E. coli (15, 16, 29, 35) . Therefore, we have examined the effect of amino acid starvation on the activity of the autolytic system of E. coli. The major findings that we report here are that the murein synthesized during amino acid starvation was resistant to the autolysins (murein hydrolases) of the bacterium and that over the first 30 to 60 min of amino acid starvation the murein synthesized before starvation was also converted to a resistant form.
MATERIALS AND METHODS
Bacteria and culture conditions. The strains of E. coli used were W7 (lys dap) (27) , CP79 (thr his arg thi relA) and the isogenic (reLAU) strain CP78 (5 Murein isolation. Samples from cell cultures were immediately placed into an equal volume of boiling 1% sodium dodecyl sulfate. After boiling for 10 min, each sample was centrifuged (35,000 x g, 60 min, 25°C) to pellet the "sacculi," which consist of murein and lipoprotein material (28) . This material will be referred to as murein or cell wall material throughout the paper. The pellet was washed three times with 10 Murein degradation was measured at 37°C. In most of the experiments, the amount of undegraded murein present at any given time was measured by removing 50-pl samples and precipitating them on 2.5-cm-diameter 3 MM Whatman filter disks (W.R. Balston, England) with cold trichloroacetic acid (21) . In some experiments (see Fig. 5 , for instance), an alternative assay was used; radioactively labeled murein and murein hydrolase were incubated, and 200-j samples were removed at intervals into centrifuge tubes containing formaldehyde (final concentration, 10%) and albumin (final concentration, 100 ug/ml) and radioactivity released into the supernatants was determined after centrifugation at 10,000 x g for 20 min in an Eppendorf microcentrifuge (13) .
Preparation of crude extract of murein hydrolase. E. coli cells from 50-ml cultures (3 x 108 cells per ml) were collected by centrifugation and disrupted, and the envelopes were pelleted as described in the previous section; however, after pelleting, murein hydrolases adsorbed to the envelopes were solubilized in 1 ml of 0.01 M Tris buffer, pH 7.8) containing 5 mM EDTA and 2% Triton X-100 at 00C (8) .
Enzyme assays. The murein hydrolase activity in the solubilized envelope preparation was assayed in 0.01 M Tris-maleate buffer (pH 6.2) containing 0.01 M Mg2" and 1% Triton X-100 at 370C with [3H]murein as a substrate (0.05 mg/ml, final concentration). Lysozyme activity was measured with the same system. The rate of murein degradation was measured as described in Holtje et al. (13) .
Protein determination. Protein concentration was determined as described by Lowry et al. (20) with bovine serum albumin as the standard.
RESULTS
Penicillin-induced lysis and amino acid starvation. Addition of a high concentration of penicillin to a growing culture of E. coli is known to cause rapid lysis (Fig. 1) . Lysis was extensive after 30 min (see control culture; viable cells per milliliter had decreased 30-fold) (data not shown). A portion of the cells was transferred by rapid filtration into lysine-free growth medium and distributed into a number of separate culture tubes which were incubated at 370C. Individual tubes received benzylpenicillin at various times after resuspension in the lysine-free medium. Figure 1 shows the rapid drop in the rate of penicillin-induced lysis after the onset of amino acid starvation; cells starved for 15 (10) . The cells, after 5 to 120 min of lysine starvation, were mechanically disrupted, and the envelopes were isolated and incubated under conditions that led to autolytic wall degradation in envelopes isolated from unstarved bacteria. Figure 2 shows the decline in the rate of wall degradation in the envelopes from the amino acid-starved cells. Similar results were obtained with the trichloroacetic acid activation method (data not shown). In both cases, during the initial 30 min of lysine starvation, there was a rapid decline in the rate at which the cells were able to degrade their murein.
The effect was not unique to lysine starvation. Methionine starvation can be produced in E. coli W7 by adding excess threonine to the normal growth medium (30) ; methionine starvation also resulted in a decrease in the rate of murein degradation (Fig. 3) . Similar, although less marked, effects were observed after the addition of a-methylglucoside (glucose starvation) (9) or chloramphenicol (100 lOg/ml) to the medium (data not shown). The cells were treated with cold tri-enzymatic cell wall degradation was determined chloroacetic acid (to trigger murein degradation [10] ) washed, and incubated in buffer at 37°C; the amount (per cent) of undigested murein was plotted against incubation time. The cells recover somewhat from the addition of excess threonine and recommence growing at a slower rate; this is perhaps why the rate of murein hydrolysis in the 60-min and 90-min samples was higher than that in the 30-min sample.
The effect of amino acid starvation could be reversed. Cells were given [3H]DAP during lysine starvation and then returned to a medium containing lysine. Samples were then removed and treated with cold trichloroacetic acid (Fig.  4) . After these cells were returned to a medium with lysine, their capacity to degrade murein increased slowly during the first 30 min; after 60 min, however, the rate of murein degradation was equal to that of typical exponentially growing cells.
Mechanism of the autolytic defect in the amino acid-deprived bacteria. The lower rate of murein hydrolysis in lysine-starved cells could be due either to a change in the murein, making it less sensitive to the murein hydrolases in the cell envelope, or to decreased activity of the murein hydrolases in the-cell envelope.
Specific activity of murein hydrolases aEnvelopes, prepared from growing bacteria and from lysine-starved bacteria, were suspended in 10 mM Tris (pH 7.8) containing 5 mM EDTA and 2% Triton X-100 at a protein concentration of 1 mg/ml.
The autolysin test mixtures (500 p1) contained 100 pd of each envelope preparation. (Fig. 5 ). There was a rapid and progressive drop in the hydrolase sensitivity of the murein samples isolated from the culture undergoing amino acid starvation; however, the murein remained sensitive to lysozyme.
After the onset of amino acid starvation, murein synthesis continued but at a much slower rate than in growing cells (14) . To determine whether this murein was especially autolysin resistant, the experiment described above was repeated with bacteria that were labeled with
[3H]DAP immediately after the start of lysine starvation. The change in murein synthesized prior to lysine starvation was also measured by giving a second culture a 60-min exposure of [3H]DAP 60 min before the start of lysine starvation. The third culture received [3H]DAP continuously both before and during lysine starvation ( Fig. 5A and B) . Murein samples were prepared, and the rates of hydrolysis of these samples by crude murein hydrolase were compared. Invariably, lysine starvation was found to cause a progressive decline in the hydrolase-sensitivity of the murein samples. However, loss of sensitivity was most rapid and most extensive for the murein synthesized after the onset of lysine starvation (culture 1). The resistance of murein synthesized before lysine starvation slowly increased until, after 30 min, it appeared to be equal to that of murein synthesized during starvation. Figure 5B shows (Table 2 ). This result indicates that it is the structure of the murein itself from lysine-starved cells which makes it autolysin resistant. Effect of amino acid starvation on the murein of other E. coli strains. E. coli W7 is not a K-12 strain; to determine whether a K-12 start of lysine starvation. Samples (2.5 ml) were removed periodically from all three cultures after the start of lysine starvation; the murein was isolated and then resuspended in 0.9 ml of0.01 MTris-maleate buffer (pH 6.2, with 0.01 M Mg2' and 1% Triton X-100). Approximately 2.5 pg of murein was obtained from each sample; 50 pg of unlabeled murein from a log-phase culture of W7 was added to ensure a constant substrate concentration. Each sample was treated with 100 ,il of a crude murein hydrolase preparation obtained by treating cell envelope from log-phase E. coli cells with detergent. (A) The rate of hydrolysis of the murein samples taken from the continuously labeled culture (3) is given; the percent of murein which has been hydrolyzed is plotted against the time of incubation. Symbols; 0, no lysine starvation; 0, 5-min lysine starvation; O, 15-min starvation; , 30-min starvation; A, 60-min starvation; A, 90-min starvation. Similar data were collected (not shown) for cultures 1 and 2 as well. From these data relative hydrolysis rates were calculated and plotted against the time of lysine starvation (B). The hydrolysis rate of each murein sample is given as a fraction of the hydrolysis rate of a murein from cells not starved for lysine. Symbols: A, culture 3; 0, culture 2; 0, culture 1. In the latter, the drop in murein hydrolase sensitivity was extremely rapid (see earliest time point). Chromatography of lysozyme digests ofmurein isolated from lysine-starved cells and from growing cells. Two 100-mi cultures were labeled with [3H]DAP for 2 h. Culture 1 (0) was labeled during exponential growth; culture 2 (0) was labeled during lysine starvation. The murein was isolated, treated with trypsin to remove the lipoprotein, washed, and then digested overnight with lysozyme (1 mg of lysozyme per ml in 0.01 M ammonium acetate, pH 6.5) at 37°C. After hydrolysis, the sample was placed on a column (1.5-cm diameter, 30-cm long) packed with Sephadex G50 (superfine) and eluted with 0.05 M Tris buffer (pH 7.5 containing 0.2 M NaCI) at a rate of2 ml/hr. Four unlabeled controls were run with both samples: blue dextran (1), C3 (peak D), C6 (peak E), and DAP (l). Peaks representing higher-molecular-weight material were labeled A, B, and C. The disaccharide tetrapeptide (C6) and its dimer (C3) were prepared from E. coli W7 cell wall digests by a published procedure (29 Analysis ofthe lysozyme digest ofmurein synthesized by growing and by lysinestarved E. coli We examined the nature of cell wall degradation products solubilized during treatment of control and lysine-starved murein with egg white lysozyme. Analysis by gel filtration showed that both preparatins of murein yielded the expected major lysozyme products (C3 and C6 in reference 29, corresponding to peaks D and E, respectively, in Fig. 6 ). However, the digest of murein from the amino acid-starved cells contained higher amounts of C3 (bis-disaccharide tetrapeptide) relative to C6 and showed the presence of a material of relatively high molecular weight (distributed in at least three overlapping size classes-A, B and C in Fig. 6 ). Approximately 30% of the label from the lysinestarved cells was in fraction A; whereas very little, if any, of the label from exponentially growing cells was in this fraction.
Effect of amino acid starvation on the bactericidal and lytic effects of penicillin in stringently controlled (relA+) and in relaxed (relA) strains ofE. coli. To test whether or not the mechanism of protection against penicillin-induced lysis involved the relaxed control system (2), we have carried out simple culture lysis experiments with the isogenic pair of E. coli strains CP 78 (relA+) and CP 79 (relA). Figure 7 shows that in the relA strain the protective effect of amino acid starvation against penicillin-induced lysis and loss of viability has developed only after much longer periods of amino acid starvation as compared with the relA+ strain. DISCUSSION Inhibition of protein synthesis or, generally, inhibition of bacterial growth during penicillin treatment is known to inhibit the irreversible antibacterial effects of penicillin (3, 12, 17, 26) . This antagonistic effect may even have clinical consequences in chemotherapy (18) . This phenomenon has often been interpreted to represent an "unbalanced" growth ofthe cytoplasmic mass generating the mechanical and osmotic pressure needed to rupture the "weakened" cell wall of penicillin-treated bacteria. However, an increasing body of evidence indicates that the uncontrolled activity of autolytic enzymes plays an important role in the penicillin-induced lysis of E. coli (6, 7, 15, 16, 19, 26, 29, 35) and other bacteria as well (31) (32) (33) . Thus, it appeared plausible that conditions specifically suppressing the irreversible effects of penicillin do so by interfering in some manner with the expression of uncontrolled hydrolase activity. The observations described in this paper indicate that this is indeed the case. Apparently, E. coli cells have a mechanism that can rapidly modify the structure of newly made murein in bacteria that have stopped making protein. We suggest that attachment of murein hydrolase molecules to such a murein is blocked, causing a decreased susceptibility to autolytic degradation. The resistance of biosynthetically "old" portions of murein, also observed in these experiments, may be explained by assuming that most of the hypothetical murein hydrolase attachment sites reside within newly made murein. There is evidence suggesting that the incorporation of new wall material and initiation of autolytic wall degradation may be localized to the equatorial area of E. coli (11, 28) . It is tempting to speculate that the hydrolase attachment sites also reside in this equatorial region of the murein sacculi.
The chemical nature of the structural change that occurs in the murein of amino acid-starved bacteria remains to be elucidated. Lysozyme digests of murein synthesized during amino acid starvation contained a higher proportion of fraction C3 and substantially more higher-molecular-weight material (peaks A, B and C in Fig. 6 
